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ChineseThis study investigates the effect of foveal load (i.e., processing difficulty of currently fixated words) on
parafoveal information processing. Contrary to the commonly accepted view that high foveal load leads
to reduced parafoveal processing efficiency, results of the present study showed that increasing foveal
visual (but not linguistic) processing load actually increased the amount of parafoveal information
acquired, presumably due to the fact that longer fixation duration on the pretarget word provided more
time for parafoveal processing of the target word. It is therefore proposed in the present study that foveal
linguistic processing load is not the only factor that determines parafoveal processing; preview time
(afforded by foveal word visual processing load) may jointly influence parafoveal processing.
 2015 Elsevier Ltd. All rights reserved.1. Introduction (i.e., lexical and syntactic) processing difficulty was typically theReaders move their eyes to different positions across the text
during sentence reading in order to obtain information. As they
do so, the acquire information not only from the fixated foveal
words but also from the upcoming parafoveal wordswithin the per-
ceptual span (defined as the area from which readers can obtain
useful information; see Rayner, 2009 and Tsang & Chen, 2012, for
reviews). The perceptual span, as demonstrated using the gaze-con-
tingent moving window paradigm, extends 3–4 letters to the left
and 14–15 letters to the right of fixation for English readers
(McConkie & Rayner, 1975), 1 character to the left and up to 4 char-
acters to the right of fixation for Chinese readers (Inhoff & Liu, 1998;
Tsai &McConkie, 1995; Yan et al., 2015). More importantly, the size
of the perceptual span is not constant and readers may need to
dynamically adjust the width of their perceptual spans in response
to processing difficulty. For example, because of their low process-
ing efficiency, dyslexic readers as well as young typical developing
readers devote more of their attentional resources to foveal words
and thus they normally have a smaller perceptual span than skilled
readers (Häikiö et al., 2009; Rayner, 1986). Inhoff et al. (1989)
demonstrated that more parafoveal information was obtained
when letters in a word were in normal order than when they were
transformed. It is important to notice that previous studies did not
distinguish between different types of foveal processing load, per-
haps in the belief that different types of foveal processing load have
similar effects on parafoveal processing, although foveal linguisticfactor manipulated. Visual complexity of the foveal information
provides another source of foveal processing load. Challenging the
traditional view that high foveal processing load reduces the per-
ceptual span, the present study demonstrates that increasing foveal
visual processing difficulty leads to longer preview time (i.e., fixa-
tion duration on the pretarget word), which in turn results in more
parafoveal information acquired.
The dynamic modulation of the perceptual span depending on
foveal (linguistic) processing load has not only been established
with the moving window paradigm, but also with the gaze-contin-
gent boundary paradigm (Rayner, 1975) and results from these two
paradigms are often in high agreement. In the boundary paradigm,
the target word is either unchanged during parafoveal preview (i.e.,
identical preview), or replaced by an unrelated word or by a string
of letters (i.e., masking preview). Preview benefit (PB) is indicated
by shorter fixation durations on the target word when the preview
is provided compared towhen it is masked. The size of this identical
PB (i.e., a contrast between the identical and the masked preview
conditions) is normally a measure of the amount of parafoveal
information acquired during the previous fixations and thus a
larger identical PB normally indicates a larger perceptual span. In
two experiments, Henderson and Ferreira (1990) reported PBs only
when foveal words were easy to process, but not when they were
infrequent (Experiment 1) or syntactically ambiguous
(Experiment 2). Similar results were reported in later studies not
only in alphabetic scripts (e.g., Schroyens et al., 1999) but also in
Chinese. Yan, Kliegl, Shu, et al. (2010) reported reduced PB for word
N + 2 (i.e., the second parafoveal word beyond the current one)
when word N + 1 was infrequent (see also Yang et al., 2012). Luo,
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reduced due to sentence information integration at word N
position.1.1. Preview benefit and cost
A closer inspection of the results reported by Henderson and
Ferreira (1990) suggests that there are two different sources of
the PB. The PB in fact consists of a mixture of (a) facilitation from
identical previews and (b) prolongation of fixation on the target
word due to interference from masking previews, namely preview
cost. Arguably, because high foveal (lexical and syntactic) process-
ing load leads to reduced parafoveal processing efficiency (i.e., how
fast a parafoveal word is processed), prolongation of fixation dura-
tion on the upcoming word should be expected because less infor-
mation has been acquired parafoveally when prior word is difficult.
Such a pattern was indeed observed in Henderson and Ferreira’s
(1990) study in the identical preview condition: in the high foveal
processing load condition, fixation durations on the target word
increased by 5 ms in first-fixation duration (FFD; duration of the
first-fixation on a word, irrespective of the number of fixations)
and by 18 ms in gaze duration (GD; the sum of fixation duration
during the first-pass reading of the word) in Experiment 1, and
by 36 ms in FFD and 16 ms in GD in Experiment 2. Similarly,
Inhoff and Rayner (1986) also demonstrated shorter GD on words
following a high-frequency word.
With a larger perceptual span, more interference from masking
previews should take place. Indeed, in Henderson and Ferreira’s
(1990) study, fixation durations on the target word following dis-
similar previews decreased as a function of increasing foveal pro-
cessing load, by 9 ms in FFD in Experiment 1, and by 11 ms in
FFD and 14 ms in GD in Experiment 2.Table 1
Stimulus properties.
Types of preview
Unrelated word Non-word
Example word 能动 济问
Meaning Active N/A
Pronunciation neng2-dong4 ji4-wen4
Char.1 freq. 3.1 (0.4) 3.1 (0.4)
Char.2 freq. 3.1 (0.4) 3.1 (0.5)
Char.1 N.S. 7.3 (1.8) 7.3 (1.6)
Char.2 N.S. 7.0 (2.2) 6.9 (2.1)
Bigram freq. 16.8 (17.2) 17.3 (17.9)
Means (and standard deviations, in parentheses) of frequency of the first character
(Char.1 freq.) and the second character (Char.2 freq.; values are given in log-
transformed occurrence per million from Beijing Language Institute Publisher,
1986), number of strokes of the first character (Char.1 N.S.) and the second
character (Char.2 N.S.), as well as bigram frequency (values are given in number of
occurrence per million characters provided by The Corpus of National Language
Resources Monitoring and Research Center).1.2. Preview time
The two different sources of PB as explained above are nicely
accounted for by Kliegl et al. (2013) and Yan et al. (2012). The
effect of preview time on parafoveal processing can be test by
using a statistical control approach: using preview time as a
covariate in the linear mixed model (LMM), Kliegl et al. (2013)
and Yan et al. (2012) demonstrated that with increasing preview
time, more incongruent parafoveal information was obtained from
masking previews and as a consequence, there was greater inter-
ference with processing of the target word. Critically, these results
were obtained from reading identical sentences including pretar-
get words, thus minimizing any possible influence from linguistic
processing difficulty. Thus foveal linguistic processing load is not
the only factor that influences parafoveal processing; preview
duration also plays an important role.
Kliegl et al. (2013) and Yan et al. (2012) proposed that the PB as
usually measured can result from a combination of genuine bene-
fit: the ease in foveal processing of the target word due to earlier
parafoveal processing of identical previews; as well as preview
cost, a conflict between processing of the target word and earlier
or ongoing processing of the parafoveal masks (see also Marx
et al., 2015; Yan, Luo, & Inhoff, 2014). Obviously, high foveal load
reduces the perceptual span, leading to decreased parafoveal pro-
cessing efficiency; on the other hand according to this preview
time account, it also prolongs fixation duration on the pretarget
word, providing long preview time and thus more opportunities
for acquiring parafoveal information. In other words, the actual
amount of parafoveal information acquired is jointly determined
by parafoveal processing efficiency and preview processing time.
Previous failures to replicate Henderson and Ferreira’s (1990) core
pattern (Henderson & Ferreira, 1993; Kennison & Clifton, 1995)might be due to the interplay between parafoveal processing effi-
ciency and preview time.
1.3. The present study
The present study aims at testing the effect of visual processing
difficulty, as a special type of foveal load, on parafoveal processing.
If foveal visual processing difficulty has a similar effect as linguistic
processing difficulty, according to Henderson and Ferreira (1990), a
smaller PB should be expected for visually complex foveal words.
Alternatively, if parafoveal efficiency is mainly influenced by foveal
linguistic but not by visual processing, using target words with
matched linguistic processing difficulty should lead to equal paraf-
oveal processing efficiency. For this purpose, the Chinese script is
well-suited because each Chinese character occupies the same
amount of horizontal space, irrespective of its visual complexity.
Therefore it is possible to manipulate visual complexity (which
can be indexed by number of strokes) of pretarget words, while
controlling their lexical complexity (as indexed by word frequency)
and controlling eccentricity of preview words (as indexed by pre-
target word length). Visual complexity of Chinese characters/words
is of primary importance for recognition (e.g., Liu et al., 2009; Shu
et al., 2003). It is therefore predicted that prolongation of reaction
time to (and fixation duration on) visually complex foveal words
due to long visual decoding time (e.g., Hsu, Lee, & Marantz, 2011;
Ma & Li, 2015; Miwa et al., 2014; Yu & Cao, 1992) should provide
longer preview time for parafoveal processing, leading to larger PB.
2. Method
2.1. Subjects
Forty-two subjects participated in the eye tracking experiment.
All subjects were native speakers of Chinese and were graduate or
undergraduate students from Beijing Normal University, who had
normal or corrected-to-normal vision. All subjects signed informed
consent forms and received payment for their participations. The
study was carried out in accordance with the Code of Ethics of
the World Medical Association (Declaration of Helsinki).
2.2. Material
A total of 60 two-character target words were selected. For each
target word, three preview conditions were created for identical,
unrelated word and non-word previews. The unrelated word and
non-word previews did not provide any meaningful continuation
of the sentence. As in previous studies (e.g., Yang et al., 2009),
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the target and the preview were avoided. The previews were
matched for visual complexity, character frequency and bigram
frequency (F-values < 1; Table 1). Therefore, at the character level
the word and non-word previews were equally different from
the target word.
Each target word was combined with two different two-charac-
ter pretargetwords,which allowedmanipulationof visual complex-
ity. The two types of pretarget words differed in their visual
complexity (numbers of strokes: M = 24.2, SD = 3.5 for high
complexity words and M = 7.6, SD = 1.4 for low complexity words;
p-value < .001) and were closely matched for word frequency
(numbers of occurrence per million: M = 20.8, SD = 14.0 for high
complexity words and M = 20.9, SD = 13.8 for low complexity
words; F-value < 1). A sentence frame was created for each target
word, so that each pair pretarget words were embedded into an
identical sentence frame to rule out possible influence of context.
The experimental sentences were 15–25 characters in length
(M = 19.4, SD = 2.4). The pretarget and target words never appeared
among the first three or the last three words. Each sentence was
presented only once to a subject, and the conditions were counter-
balanced across subjects. An example set of experimental sentences
is shown in Fig. 1.
2.3. Apparatus
Subjects’ eye movements during sentence reading were binocu-
larly recorded with an EyeLink II system running at a sampling rate
of 500 Hz. Sentences were presented at a vertical position 1/3 from
the top of a 21-inch ViewSonic G220f CRT Monitor (1024  768
resolution; frame rate 120 Hz) and they occupied only a single line
on the screen. Subjects were seated comfortably with the head
positioned on a chin rest at a distance of 80 cm from the monitor.
Texts were displayed using Song 36 font, with each character sub-
tending 1.0 degree of visual angle.
2.4. Procedure
Gaze positions of the subjects were calibrated and validated
with a standard nine-point grid. Afterwards, a fixation point
appeared on the left side of the monitor for drift check. Fixation
on the fixation point initiated presentation of the next sentence
with its first character occupying the position of the fixation point.
Subjects were instructed to read a total of 105 sentences (including
60 experimental and 45 filler sentences) for comprehension and to
signal the completion of reading by fixating at a dot in the lower left
corner and pressing a button on a joystick. The filler sentences were
presented with no display change and were added to minimize dis-
play change detection. A total of 40 randomly selected sentences
were followed by an easy yes–no comprehension question and
the subjects correctly answered 93% of them (SD = 5%). As shown
in Fig. 1, before the readers’ eyes crossed the invisible boundary
for display change (which was placed between the pretarget and
the target words), a preview was presented at the position where
the target wordwould appear. After the eyes crossed this boundary,
the preview was replaced by the target immediately (i.e., within
12 ms, given the parameters of the eye tracker and monitor). On
average the subjects reported flashes on the screen for only 0.7 tri-
als (SD = 1.1) and they could not report exactly what they had seen.
2.5. Data analysis
Fixations were determined using an algorithm for binocular
saccade detection (Engbert & Kliegl, 2003). Analyses were based
on right-eye fixations. Data were selected according to the follow-
ing criteria: First, a total of 31 (i.e., 1%) trials were removed due tosubjects’ blink or loss of data. Second, target words with FFDs
shorter than 60 ms or longer than 600 ms, or with GDs longer than
1000 ms, were removed from duration analyses, excluding 3% of
the data. Finally, 10% of the trials with improper display change
were excluded (i.e., display changes were triggered during fixa-
tions or within 5 ms prior to the beginning of fixations on the tar-
get words) because in these trails display changes are more likely
to be detected by the subjects. Taken together, there were 2006
remaining observations on the target word and they were evenly
distributed across conditions.
Using the unrelated word preview condition as a baseline, infer-
ential statistics are based on planned comparisons for the identical
and non-word preview conditions (i.e., a treatment contrast). The
first level of the contrast compares the identical and the unrelated
word previews and thus indicates an identical PB effect, the second
level of the contrast compares the non-word and the unrelated
word previews. The second contrast was designed to test whether
Chinese readers are able to parafoveally segment words. If word
segmentation occurs parafoveally and word level lexical represen-
tation of the unrelated word preview is activated, as compared to
the non-word preview, unrelated word preview should more
strongly interfere with the processing of the target word.
Estimates are based on LMMs for fixation landing position and
duration analyses and on generalized linear mixed model
(GLMMs) for skipping (i.e., a word is not fixated during first-pass
reading), regression and refixation rate analyses, with variance
components estimated for subjects and for items, using the lme4
package (Bates et al., 2014) in the R programming language envi-
ronment (version 3.1.1; R Core Team, 2014). In LMMs, estimates
1.96 times larger than their standard errors are treated as statisti-
cally significant at the 5% level. This is because the t-statistic in
LMMs (i.e., M/SE) effectively corresponds to the z-statistic given
the number of subjects and the large number of observations for
each subject. Log-transformed fixation durations are reported in
the following analyses and analyses based on untransformed and
log-transformed dependent variables yielded the same pattern of
significance (Kliegl, Masson, & Richter, 2010).3. Results
Subjects showed more skipping (b = .460, SE = .188, t = 2.4,
p = .014), fewer refixations (b = .526, SE = .132, t = 4.0, p < .001)
and fewer regressions (b = .819, SE = .199, t = 4.1, p < .001) in
the identical than in the unrelated word preview condition. The
difference in skipping rate was larger when the pretarget words
were visually simple (b = .818, SE = .375, t = 2.2, p = .029). There
were no reliable differences between the unrelated word and
non-word previews (all p-values > 0.1).
For the following duration analyses, FFDs, single-fixation dura-
tions (SFDs; duration of fixation in cases a word is inspected with
exactly one fixation) and GDs are reported. As shown in Table 2,
the main effects of identical PB were highly reliable in all three
duration measures (FFD: b = .091, SE = .018, t = 5.2; SFD:
b = .101, SE = .020, t = 5.0 and GD: b = .157, SE = .022,
t = 7.0), indicating reliability of data in the present study. The
interactions between identical PB and pretarget word visual com-
plexity were marginally significant in FFD (b = .061, SE = .035,
t = 1.7) and in SFD (b = .075, SE = .040, t = 1.9), and it was sig-
nificant in GD (b = .113, SE = .045, t = 2.5). These interactions
suggest that PBs were larger when the pretarget words were visu-
ally complex (FFD: b = .121, SE = .024, t = 4.9; SFD: b = .138,
SE = .028, t = 5.0 and GD: b = .207, SE = .032, t = 6.6) than when
they were simple (FFD: b = .060, SE = .026, t = 2.4; SFD:
b = .066, SE = .029, t = 2.3 and GD: b = .098, SE = .032,
t = 3.1). Arguably, this is because longer GD on high-complexity
Fig. 1. A pair of example sentences using the boundary paradigm. The pretarget words are underscored and the previews and target are in italics only for the purpose of
illustration and they were presented normally during the experiment. The previews that are initially displayed in the target location are replaced by the target word as soon
as the reader’s eyes (as indexed by the asterisks in the figure) cross the invisible boundary located between the pretarget and the target words.
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get words (320 ms; b = .061, SE = .017, t = 3.6) provided more
opportunities for preprocessing of the target words.
A second goal of the present study was to test whether Chinese
readers are able to parafoveally segment words. Although the con-
trast between unrelated word and non-word previews was not sig-
nificant in any duration measures [all abs(t)-values < 0.9], its
interaction with pretarget word visual complexity was marginally
significant in FFD (b = .061, SE = .035, t = 1.7) and was signifi-
cant in GD (b = .098, SE = .045, t = 2.2). Decomposition of these
interactions showed that when the pretarget words were complex
(and thus preview time was long), fixations on the target words
were longer for the unrelated word preview condition than for
the non-word preview condition (FFD: b = .047, SE = .025,t = 1.9 and GD: b = .063, SE = .032, t = 2.0); in other words,
the unrelated word previews lead to more interference to the pro-
cessing of the target words. When the pretarget words were simple
(and thus preview time was short), fixations on the target words
were not statistically different [all abs(t)-values < 1.3]. Critically,
neither the main effects nor the interaction were significant in
first-fixation landing position (fixation location within a word),
suggesting that the difference in fixation duration was unlikely
caused by landing position difference.
4. Discussion
The main contribution of the present study is the distinction
between foveal linguistic and visual processing complexity. These
Table 2
Fixation measures.
Low complexity pretarget words High complexity pretarget words
Identical Word Non-
word
Identical Word Non-
word
SR 11%
(11%)
5% (8%) 8% (10%) 8% (11%) 8% (8%) 8% (11%)
Ref 22%
(15%)
28%
(21%)
31%
(21%)
18%
(15%)
29 (18%) 26%
(19%)
Reg 7% (10%) 12%
(13%)
9% (11%) 6% (9%) 13%
(17%)
12%
(11%)
FLP 0.81
(0.20)
0.80
(0.22)
0.79
(0.23)
0.86
(0.18)
0.77
(0.19)
0.80
(0.22)
FFD 266 (50) 283 (50) 286 (55) 250 (38) 287 (43) 271 (41)
SFD 267 (52) 289 (68) 288 (65) 247 (38) 292 (52) 272 (47)
GD 319 (63) 358 (88) 364 (82) 289 (47) 362 (69) 335 (64)
Note. Means (and standard deviations, in parentheses) of skipping rate (SR), refix-
ation rate (Ref), regression rate (Reg), first-fixation landing position (FLP), first-
fixation duration (FFD), single-fixation duration (SFD), gaze duration (GD) on target
words. Values are computed across subjects’ means.
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literature on eye movements during reading. One possible reason
is that it may be difficult to increase visual complexity without
changing eccentricity of previews in alphabetic scripts. However,
Chinese characters permit unconfounding these factors. In
Chinese, characters with more strokes normally require longer
visual decoding time, but do not involve extra linguistic processing
difficulty. Results from the present study showed that Chinese
readers acquired more parafoveal information when visually (but
not linguistically) more complex words were foveally fixated, pre-
sumably due to longer preview time. These results cannot be
accounted for by the traditional processing load theory which does
not distinguish between different types of foveal processing load.
The results therefore strongly imply that foveal visual processing
load has a unique contribution to parafoveal information
processing.
Previous studies on the modulation of the perceptual span var-
ied foveal processing load mainly by manipulating linguistic pro-
cessing complexity. The effect of high foveal linguistic processing
load is twofold: it reduces parafoveal processing efficiency due to
readers’ more focused attention but may also provide longer pre-
view time leading to more opportunities for parafoveal informa-
tion acquisition. It is likely that the former has a more dominant
role in reading. Using fixation duration on pretarget word as a
covariate in LMM provides a better chance for detecting the effect
of preview time: Both Kliegl et al. (2013) and Yan et al. (2012)
found that PB increased with preview time. Importantly, they
reported that fixation duration (Kliegl et al., 2013) and refixation
rate (Yan et al., 2012) on the target word increased reliably with
increasing preview time in the parafoveal masking condition,
which likely reflect interference with the processing of the target
word due to earlier or ongoing processing of the masking preview.
According to Kliegl et al. (2013) and Yan et al. (2012), longer pre-
view processing time leads to larger PB because of two reasons:
more congruent parafoveal information was obtained from identi-
cal preview and more incongruent parafoveal information was
obtained from masking preview. Results in the present study are
in nice agreement with this preview time account.
Results of the present study also agree with some recent find-
ings showing that fixation duration and lexical processing diffi-
culty can sometime be unrelated. Yan, Luo, and Inhoff (2014)
found that neutral-tone words with shorter syllable articulation
duration were gazed at more briefly than full-tone words during
the silent reading of Chinese sentences. The faster access of neu-
tral-tone words does not imply that their lexical processing
requires less effort, because in a follow-up study, Luo et al.(2015) reported that N400 peaks were more negative for neutral-
tone words, suggesting processing difficulty. This agrees with the
present study showing that long fixation does not necessarily indi-
cate high lexical difficulty. More importantly, less parafoveal infor-
mation was acquired when neutral-tone words, as compared to
full-tone words, were foveally fixated (Yan, Luo, & Inhoff, 2014,
Experiment 2), indicating that longer viewing duration on the
full-tone foveal words provided more preview time for parafoveal
information acquisition.
Recently, Pan, Laubrock, and Yan (2015) tested how reading
mode (i.e., silent and oral reading) influences parafoveal process-
ing. In oral reading, the perceptual span is known to be smaller
than in silent reading (Ashby et al., 2012), implying a reduced par-
afoveal processing efficiency. Nevertheless, the average fixation
duration is much longer in oral reading, resulting in longer preview
time for parafoveal processing. As a consequence, a numerically
larger PB was found in oral reading (56 ms in FFD and 98 ms in
GD) than in silent reading (50 ms in FFD and 88 ms in GD).
Together with the present study, these reports suggest that, the
amount of parafoveal information acquired is not only determined
by parafoveal processing efficiency but also by preview time.
Finally, the present study provides some evidence for the notion
that parafoveal processing must go beyond the character level and
reach word level. Previously, Yang et al. (2009) reported PB from
the same character only when it belongs to word N + 1 but not
when it belongs to word N + 2. Yen, Tsai, Tzeng and Hung (2008)
found that Chinese readers were less likely to skip target words
when pseudo-word previews, as compared to unrelated word pre-
views, were presented. Pan et al. (2014) reported that first of mul-
tiple-fixations were characterized by further launch site (i.e., the
distance between the last fixation and the beginning of the fixated
word) and shorter incoming saccade amplitude as compared to
single fixations, suggesting that it is less unlikely for readers to suc-
cessfully segment parafoveal words when the eyes are distant from
them. In the present study, parafoveal word segmentation is tested
from a perspective of preview cost effect: as compared to the non-
word preview, the unrelated word preview caused more interfer-
ence to the processing of the target word when the pretarget word
is visually complex (and thus preview time is long). This interac-
tion indicates that when readers have long enough fixations for
deep parafoveal processing, word level information can be parafo-
veally acquired and word segmentation can parafoveally occur,
contributing to the growing body of evidence for parafoveal word
segmentation in Chinese.Author notes
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